ABSTRACT As is the case with many egg parasitoids, parasitism rates in Trichogramma spp. vary markedly among individuals. Here we test whether this individual variability in Trichogramma carverae (Oatman and Pinto) is associated with trade-offs between early and late reproduction and between early reproduction and life span. We also consider a recently postulated trade-off between an index of pro-ovigeny and life span. Early and late reproduction were positively correlated. To further test for a trade-off, wasps were subdivided into groups depending on their total reproductive output because any correlations among traits might have been masked when wasps produced only a few eggs. This led to correlations between early and late reproductive output becoming negative. However, arbitrary subdivision in this manner is expected to result in artifactual negative correlations, and correlations between early and late reproduction were no longer evident once this confounding factor had been removed. There was no evidence that early reproduction inßuenced life span; even wasps that failed to parasitize any host eggs had the same mean life span as wasps that reproduced. There was a negative correlation between an index of pro-ovigeny and life span; however, this negative association is likely to be an artifact of the greater opportunity wasps have to parasitize eggs when they are long-lived. Patterns of reproduction and life span therefore appear unconstrained in Trichogramma spp.
IN THIS PAPER, we consider phenotypic trade-offs at the individual level in Trichogramma carverae (Oatman and Pinto), an egg parasitoid that is commonly released in vineyards and orchards to control moth pests . Many Trichogramma studies consider trade-offs by comparing populations exposed to different conditions, especially in studies of life span (Leatemia et al. 1995, McDougall and Mills 1997) , but few explicitly set out to examine whether they occur at the individual level. An understanding of such trade-offs may be important to the improvement of Trichogramma for biocontrol. For instance, releases of wasps are often undertaken to control moth pests ovipositing over an extended period, and trade-offs involving life span and reproduction may inßuence the efÞcacy of such releases.
Parasitoids also have been used to test for trade-offs between patterns of egg production (before emergence versus after emergence) and life span. Jervis et al. (2001) showed that at the species level, there is a negative correlation between life span and an index of pro-ovigeny. These authors coded wasp species that were pro-ovigenic as 1 (all eggs matured at emergence) and strongly synovigenic species as 0 (all eggs matured after emergence). Where some eggs are matured after emergence, the index is deÞned as the fraction of eggs potentially produced during the lifetime of wasps that are mature at emergence. A negative relationship with life span indicates that species with a higher proportion of eggs matured at emergence have a shorter life span. T. carverae is synovigenic, with some eggs being mature at emergence, and others are produced after emergence.
Three questions are considered in Þve data sets. (1) Is there evidence for phenotypic trade-offs at the individual level between early and late reproduction and between life span and early reproduction? (2) Is there an association between a pro-ovigeny index and life span at the individual level? (3) To what extent do the results reßect confounding effects? We tested whether the positive correlation between early and late reproduction and life span is an artifact of different rates of overall parasitism by wasps because tradeoffs may not be realized when reproductive output rates are low. We also examined whether a negative association between the pro-ovigeny index and life span may reßect an increased opportunity for parasitism in long-lived wasps rather than a trade-off.
Materials and Methods
Stocks. Strains of T. carverae were generated from single females collected from vineyards around Mildura, Victoria, in November 1997. All strains were collected using Epiphyas postvittana (Walker) (Lepidoptera: Tortricidae) eggs and were maintained on this host or on eggs of a factitious host, Sitotroga cerealella Olivier (Lepidoptera: Gelechiidae), obtained from a commercial supplier (Bugs for Bugs Pty., Munduburra, Queensland.). The stock population was kept in plastic containers (2.5 cm diam ϫ 8 cm) at 25ЊC with a 16L:8D h cycle at a size of Ͼ200 (usually Ͼ500) individuals. Honey, thinned with a small amount of water (ratio 9:1 honey:water), was provided as a food source. In the case of S. cerealella, the eggs were stuck to self-adhesive strips of paper; and E. postvittana eggs (obtained from a colony maintained at La Trobe University) were provided on pieces of ridged plastic disposable cups. Eggs were 1Ð2 d old when collected and stored at 4ЊC for up to 1 (S. cerealella) or 2 (E. postvittana) wk before use.
Traits. Four life history traits were investigatedÑ early fecundity, late fecundity, life span, and size at maturity. Approximately 300 Ð500 eggs were provided to each strain for a 3-h sting period. The parasitized eggs were transferred to 50-ml plastic vials and maintained at 22ЊC until emergence. The sex of the wasps was determined, and individual females Ͻ24 h old were placed into glass vials (1 cm diam ϫ 5 cm) with lids. Fresh honey solution was added to the lids at this time and every 2 d thereafter.
Four experiments were undertaken with wasps reared and tested on S. cerealella (Experiments 1Ð 4) and one experiment (Experiment 5) was undertaken with wasps reared on E. postvittana. The aim of each experiment was to test for the association between early and late reproduction and between early reproduction and lifespan. Two experiments with S. cerealella (Experiments 2 and 3) were used to test for the association between a pro-ovigeny index and life span. In addition, Experiment 1 was used to test for the impact of body size on any association between early and late reproduction.
To avoid any confounding effect of host experience (Bjorksten and Hoffmann 1995) , fecundity was tested using eggs of the same host species on which wasps had been reared. In each experiment, individual females were provided with host eggs (Ϸ50 Ð100 eggs per wasp), and the temperature was held at 22ЊC. In Experiment 1 (S. cerealella) and in Experiment 5 (E. postvittana), fresh eggs were provided every 48 h for 6 d. The eggs provided on day 6 were removed after 48 h but not replaced. In the other three experiments with S. cerealella, the eggs were replaced daily until the wasps died, although in the last experiment, eggs were collected over 48 h in the Þrst instance. Following their collection from the vials, all eggs were held at 25ЊC to develop, and the number of parasitized eggs was scored Ϸ1 wk after collection. Because superparasitism of S. cerealella and E. postvittana eggs is rare, the number of eggs parasitized by the wasps provides an estimate of their fecundity.
In the Þrst experiment with S. cerealella, dead wasps were preserved in 80% ethanol for later size measurements. Hind tibia length was used, because this character is a good indicator of overall body size in T. carverae (Bennett and Hoffmann 1998) . Wasps were mounted on slides in Hoyers mounting solution with a coverslip, and wasps were positioned so that at least one hind tibia was clearly laid out away from the rest of the body. Length was measured by placing slides under a compound microscope Þtted with a digital video camera (Panasonic model WV-CP610/A, Panasonic Australia, Sydney) and using an image analysis system (Trace, Leading Edge Technologies, Adelaide) to locate the ends of the tibia. This technique has a high repeatability, as indicated by the correlation between repeat measures of 35 randomly selected individuals (r ϭ 0.95, P Ͻ 0.001). Wasp size was not monitored in the other experiments.
A pro-ovigeny index is ideally computed by comparing the egg complement that parasitoids carry at emergence with their potential fecundity. In reality, realized fecundity is used rather than the potential fecundity of the wasps (Jervis et al. 2001) . Moreover, in this study, we could not compute the egg complement at emergence because we were interested in data on the life span and fecundity patterns of individuals rather than groups. To compute a pro-ovigeny index, we therefore estimated the egg complement at emergence from the number of eggs laid in the Þrst period of oviposition after emergence. The mean number of eggs laid over the Þrst 24 h by T. carverae wasps that accept hosts is the same as the mean egg complement at emergence (DMB, unpublished data). This index was only computed for the two data sets in which fecundity was scored on all days rather than every 48 h (Experiments 2 and 3 with S. cerealella).
Statistics. To test for individual level associations between early and late reproductive output, we computed Pearsons correlation coefÞcients. To test for this association after controlling for size, partial correlation coefÞcients were used.
In the process of examining trade-offs, we became interested in potential confounding effects arising from wasps not realizing their maximum fecundity. This can be tested by computing correlations among wasps that have only a high overall fecundity, but artifactual negative correlations can then arise (see Results). We therefore computed bootstrap conÞ-dence intervals (CI) for the expected correlation between early and late reproduction, assuming no association between early and late reproduction for wasps with a high overall fecundity (Ͼ50), an intermediate fecundity (26 Ð50), and a low fecundity (Ͻ26). To compute the bootstrap CI values for a particular reproductive output class, we bootstrapped data independently for the early and late fecundity of individuals before computing correlations. For all cases, 1,000 bootstrap replicates were computed with the PopTools Add In for Microsoft Excel (http://www. dwe.csiro.au/vbc/poptools/index.htm) developed by G. Hood. The observed correlation was then compared with the bootstrap CI. If a trade-off is present, the observed correlation should be less than the lower 95% CI.
Results
Parasitism rate per female varied widely as is typical of these wasps (Reznik et al. 2001, Thomson and Hoffmann 2002) . For wasps reared on and offered S. cerealella eggs as hosts, fecundity ranged from 0 to 71 eggs. The percentage of wasps that failed to parasitize any S. cerealella eggs was low (Ͻ5%) in all experiments. For wasps reared on and offered E. postvittana eggs, fecundity ranged from 0 to 121 eggs, and a higher number of wasps (44%) failed to parasitize any eggs. Life span (measured from the time of emergence from the host egg) ranged from 3 to 21 d for wasps reared on E. postvittana eggs and 1 to 23 d for wasps reared on S. cerealella eggs. Most wasps lived Ͼ8 d, but few eggs were produced beyond this age.
The fecundity data were divided into early (days 1Ð2), middle (days 3Ð 4), and late (days 5ϩ) reproduction. When data are considered for all wasps that parasitized host eggs, correlations between early and late reproduction were positive and signiÞcant (P Ͻ 0.05) in two experiments, but not in the other three experiments (Table 1) . Middle and late reproduction were always positively correlated (between r Ͼ 0.37, P Ͻ 0.001 and r Ͼ 0.49, P Ͻ 0.001). Thus, these results provide no evidence for a phenotypic trade-off between early and late reproduction in Trichogramma.
One problem with these data is that trade-offs may be masked by some wasps failing to realize their reproductive potential. This is a particular problem where low fecundity may be a result of limited acceptance of host eggs. To test this idea, we split the data into three groups depending on total reproductive output. When correlations were recomputed for these groups, they were negative in all Þve experiments, suggestive of trade-offs (Table 2) . However, there is a problem with this approach. The negative correlations may be artifactual, because by dividing wasps into classes according to their total parasitism rate, a truncation problem occurs. For instance, consider the situation in which early and late parasitism are normally distributed and independent, but only wasps with a total output of Ͼ50 eggs are selected. A negative correlation between early and late parasitism is expected despite independence because wasps with a low early and low late parasitism rate (i.e., from the lower tails of the early and late parasitism distributions) are eliminated when selecting individuals with a high reproductive output.
To overcome this problem, we used two approaches. First, for Experiment 1, body size data were used to provide an independent measure of reproductive output. In general, an increase in size is expected to be associated with an increase in reproductive output in Trichogramma spp. (Bjorksten and Correlations are expected to be negative but comparisons between the observed correlations and bootstrap 95% CI values provide an indication of whether there are trade-offs between early and late reproduction.
Hoffmann 1998), as in most parasitoids (Godfray 1994) . Consistent with this expectation, there was a signiÞcant positive correlation between reproductive output and hind tibia length (r ϭ 0.36, P Ͻ 0.001, n ϭ 80). A partial correlation between early and late reproduction was computed after controlling for hind tibia length (and thereby a component of reproductive output). This partial correlation was not signiÞ-cant (r ϭ 0.11, P ϭ 0.322, n ϭ 80), indicating that an adjustment for size does not expose a trade-off between early and late reproduction.
A second approach was to control for the artifactual association statistically in all Þve experiments. This involved bootstrapping the data separately for early, middle, and late fecundity and computing the conditional correlations for the bootstrapped data. The observed correlation was then compared with uncorrected bootstrap values to test for a trade-off. If a tradeoff was present, the observed correlation was expected to be less than the lower bootstrap CI. However, in several cases, the observed correlations were higher than the bootstrap CI (Table 2 ). This suggests an underlying positive correlation between early and late fecundity. Early and late reproduction therefore do not appear to show a trade-off, irrespective of the total reproductive output of the wasps.
No evidence was found for a trade-off between early reproduction and life span (Table 3) . None of the correlations were signiÞcant, and coefÞcients were not consistent in sign. Because a large number of wasps that were offered E. postvittana eggs did not parasitize any eggs, it was also possible to compare the life span of non-egg layers to egg layers. Life span was found to be the same in both cases, with those that laid eggs living for an average of 13.40 d (SD ϭ 3.53, n ϭ 89) and those that did not, living for 12.07 d (SD ϭ 4.40, n ϭ 76). This provides further evidence that life span is not linked to reproduction.
Correlations between the pro-ovigeny index and life span were negative for the two data sets where 24 h fecundity was available and signiÞcant in one case (Table 3 : Experiments 2 and 3 with S. cerealella). Thus, there was a negative association between this index and life span, consistent with the interspeciÞc patterns noted by Jervis et al. (2001) .
Discussion
The lack of trade-offs between components of fecundity and between life span and fecundity is somewhat surprising. However, such Þndings are not unique to our study. Other studies of life history traits have also failed to Þnd trade-offs where they are predicted by theory, and a number of hypotheses have been put forward to explain this situation (Chippendale et al. 1994 , Curtsinger et al. 1995 , Zwaan and Hoekstra 1995 . These include overall vigor obscuring trade-offs, the presence of deleterious recessive alleles, the quality of the environment, the effects of novel environments on gene expression, genotypeenvironment interactions, and the possible Þxation of genes involved in the trade-off (Stearns 1992) . To what extent do these factors apply to Trichogramma spp.?
The Þrst two of these factors are unlikely to have had a role here. General vigor was probably not involved because correlations remained nonsigniÞcant after controlling for one measure of vigor, in this case, size. Deleterious recessive genes are unlikely to have had a major impact because the large size at which the laboratory stock was maintained (several hundred individuals) would have minimized inbreeding. In addition, inbreeding depression is unlikely to be high in organisms such as Trichogramma with a haplodiploid mode of reproduction; any deleterious recessive genes are selected against when they are expressed in haploid males. It is possible that deleterious genes whose expression is limited to females could accumulate in populations, and there is some evidence for this in Hymenoptera (Antolin 1999) , although Sorati et al. (1996) found no evidence for inbreeding depression in a Trichogramma sp. in relation to parasitism rate and life span.
Novel environments can prevent the detection of trade-offs because of the presence of genes that have a positive impact on several life history traits in such environments. Thus, correlations among life-history traits may be positive or absent. With respect to these experiments, S. cerealella probably represents a fairly novel host for T. carverae, although it is possible that T. carverae encounters this pest in some environments. In contrast, E. postvittana is an endemic and abundant pest encountered by T. carverae in its natural environment . Because no trade-offs were found with either host, novel conditions, at least with respect to the host species, are unlikely to account for the absence of trade-offs.
Favorable conditions could have prevented the detection of trade-offs in these experiments. Many wasps lived for Ϸ2 wk beyond the time at which egg production had dropped to low levels. Although the lack of reproduction indicates that these insects had probably entered a phase of physiological decline, their deaths may have been prevented by the absence of environmental stresses that can lead to death in the Þeld. For example, the wasps were provided with a constant supply of food and were held at a constant temperature as opposed to ßuctuating resource and temperature conditions in the Þeld. The lack of a trade-off between life span and fecundity in Trichogramma has been noted by others. For instance, McDougall and Mills (1997) found that life span was not altered by whether or not wasps laid eggs. However, trade-offs between life span and reproduction have been found in other parasitoid species, particularly in comparisons of populations exposed to treatments that enhance or inhibit reproduction (Ellers 1996) . For instance, treatments that increase egg production in the parasitoid Asobara tabida Nees decrease life span (Ellers et al. 2000) . Perhaps Trichogramma spp. differ from other parasitoids with respect to the independence of these traits, or else plastic responses (those induced by environmental differences) do not reßect patterns evident at the individual level.
The issue of host acceptance complicates testing for trade-offs in egg parasitoids. Wasps regularly fail to parasitize eggs for unknown reasons, even though it is possible that these wasps have large egg complements at emergence. Thus, their potential fecundity is never realized. An accurate estimate of potential fecundity is needed. One option is to compare a series of strains for these traits. Some individuals in a strain could be used to assess egg loads at emergence, and others would be scored for life span and reproductive patterns. Another option would be to dissect wasps used in fecundity trials after their deaths and only include those individuals that are shown to no longer hold eggs.
In contrast to these Þndings, there was an apparent trade-off between an index of pro-ovigeny and life span; that is, the more eggs that are mature at emergence, the shorter the life span of the wasp. This phenomenon was Þrst observed by Flanders (1950) , who compared species of parasitoids and subsequently classiÞed them as pro-ovigenic or synovigenic. Recently, an index of pro-ovigeny was devised, and a trade-off between this index and life span was described (Jervis et al. 2001) . Suggestive evidence for this relationship is also evident in a comparison of several recent Trichogramma studies (Fleury and Bouletreau 1993 , Pavlik 1993 , Leatemia et al. 1995 , Reznik et al. 1998 . Using the data from these studies, we found a negative correlation between life span and the pro-ovigeny index when average estimates for species are considered (r ϭ Ϫ0.74, n ϭ 8 species, P ϭ 0.04).
However, this result could simply reßect differences in the life span of individuals rather than a trade-off. When egg parasitoids are provided with host eggs and they mature eggs at a constant rate, there will be a positive correlation between life span and overall reproduction; the longer a wasp lives, the more eggs it is likely to produce. If the egg complement of wasps at emergence is relatively constant and there is a random unrelated distribution of longevity, there will be an apparent negative correlation between the proovigeny index and life span because individuals that live longer will produce relatively more of their eggs after emergence, resulting in a smaller index. Confounding effects may also obscure patterns at the species level. There are a number of reasons, unrelated to trade-offs, why species might differ in life span in the laboratory, such as their adaptability to laboratory conditions or ability to use food provided in containers.
Part of the problem in devising an index is similar to that encountered when assessing trade-offs in parasitoids; it is difÞcult to measure potential reproductive output. A possible solution is to only consider individuals with relatively high outputs of eggs because potential fecundity is more likely to be approached for this group. However, when only those individuals with very high reproductive outputs are considered, there is no evidence that the correlations between the proovigeny index and life span become more strongly negative (average correlation of Ϫ0.43 for all Þve experiments and all data versus Ϫ0.32, when only individuals producing Ͼ50 eggs are considered). Another possible solution may be to make comparisons between strains as suggested earlier for assessing trade-offs between fecundity and life span.
